Bisphenol-A (BPA) is a ubiquitous precursor of polycarbonate plastics that is found in the blood 30 and serum of >92% of Americans. While BPA has been well documented to act as a weak 31 estrogen receptor (ER) agonist, its effects on cellular stress are unclear. Here, we demonstrate 32 that high-dose BPA causes stress granules (SGs) in human cells. A common estrogen 33 derivative, β-estradiol, does not trigger SGs, indicating the mechanism of SG induction is not via 34 the ER pathway. We also tested other structurally related environmental contaminants including 35 the common BPA substitutes BPS and BPF, the industrial chemical 4-nonylphenol (4-NP) and 36 structurally related compounds 4-EP and 4-VP, and the pesticide 2,4-dichlorophenoxyacetic 37 acid (2,4-D). The variable results from these related compounds suggest that structural 38 homology is not a reliable predictor of the capacity of a compound to cause SGs. Also, we 39 demonstrate that BPA acts primarily through the PERK pathway to generate canonical SGs. 40
Introduction 44
Bisphenol A (BPA) is one of the highest volume chemicals produced globally, with an 45 estimated 7.7 million metric tons produced in 2015 at an estimated value of US$15.6 billion 46 (Research and Markets, 2016) . BPA is used in the production of polycarbonate plastics and 47 epoxy resins that are found in a myriad of consumer products including food packaging, 48 receipts, automobiles, electronics, and medical devices. BPA enters the human body through 49 ingestion or inhalation of plastic dust and particulates. A National Health and Nutrition 50
Examination Survey (NHANES) study conducted by the Centers for Disease Control and 51 Prevention (CDC) in 2003-2004 found that 92.6% of people tested had detectable levels of BPA 52 in their urine (Calafat et al., 2008) . 53
Many lines of evidence demonstrate the activity of BPA as an endocrine disrupting 54 compound (Rochester, 2013 , Ben-Jonathan, 2019 . While the physiological relevance of this 55 endocrine disruption is debated, many studies have linked BPA to infertility, obesity, diabetes, 56 and cancer (Seachrist et concern has led to pressure on manufacturers to remove BPA from consumer products. Most 60 often, BPA is replaced with highly similar chemical analogs, such as BPS, BPF, or BPAF. 61 Therefore, human exposure to the broader class of bisphenols is on the rise, and even less is 62 known about the health effects of these BPA alternatives (Rosenmai et al., 2014) . 63
An important consequence of BPA exposure that has been demonstrated in multiple 64 contexts is oxidative stress, and the generation of reactive oxygen species (ROS) (Gassman, 65 2017) . It is hypothesized that the metabolic breakdown of BPA may result in a greater cellular 66 load of ROS than available antioxidants can manage, leading to oxidative damage (Gassman, 67 2017) , and that these affects may be independent of the endocrine disrupting properties of BPA. 68
For example, increased proliferation, ROS, and DNA damage were observed in cells lacking 69 5 ER-α (Pfeifer et al., 2015) . The exact mechanisms of BPA-related oxidative stress remain to be 70
elucidated. 71
Stress granules (SGs) are cytoplasmic aggregates of proteins and mRNAs that form in 72 response to stress-induced inhibition of mRNA translation (Anderson and Kedersha, 2009 ), and 73 are biomarkers of the integrated stress response (Buchan et al., 2008 , Farny et al., 2009 , 74 Kedersha et al., 1999 . SGs are conserved among eukaryotic organisms from yeast to humans 75 and are triggered by a wide variety of extracellular stresses including energy starvation, ion 76 imbalance, oxidative stress, heat shock, and UV irradiation. The composition and dynamics of 77
SGs vary based on the stressor (Aulas et al., 2017) . SGs are generally thought to be protective, 78 and conserve cellular resources by limiting mRNA translation during stressful circumstances. In 79 some instances, SGs delay the onset of apoptosis in response to acute cellular stress, and the 80 disruption of SGs can make cells more vulnerable to death (Arimoto et al., 2008) . Indeed, the 81 cellular consequences of endocrine disruption, such as oxidative stress, are also triggers for SG 82 assembly, though direct links between endocrine disrupting compounds and SGs have yet to be 83
examined. 84
SGs are a downstream consequence of a broader cellular stress response known as the 85 integrated stress response. The integrated stress response is a mechanism by which a variety 86 of environmental stresses (e.g., oxidative stress, UV irradiation, toxins) or biotic stresses (e.g., 87
fever, viral infection) can signal the translation machinery to decrease protein synthesis, thereby 88 conserving energy and permitting the cell to redirect resources to survival and the activation of 89 various downstream stress response pathways (Pakos-Zebrucka et al., 2016). In mammalian 90 cells, there are four kinases that can be activated during the integrated stress response: Heme-91 regulated eIF2α kinase (HRI), double-stranded RNA-dependent protein kinase (PKR), general 92 control non-depressible kinase 2 (GCN2), and PKR-like endoplasmic reticulum kinase (PERK). BPA concentrations and exposure times, and used fluorescence microscopy to detect 122 intracellular localization of the canonical SG component G3BP1. We determined that G3BP1-123 positive SGs form in ~15% of U2OS cells after treatment with 300 µM BPA for 60 minutes (Fig.  124 1A-B). Treatment with 400 µM BPA for 60 minutes consistently induced granules in ~100% of 125 cells ( Fig. 1A-B ), therefore this concentration was used throughout our analysis. 126
While G3BP is a widely-accepted marker for SGs, we employed other criteria to confirm 127 that these BPA-induced G3BP foci were canonical SGs. To determine whether their 128 composition was consistent with canonical SGs, cells were treated with BPA or sodium arsenite 129 (ARS) as a positive control, then immunofluorescence was used to assess for colocalization of 130 known SG markers with G3BP1. The translation initiation factors eIF4G and eIF3b colocalize 131 with G3BP1 at cytoplasmic BPA-induced granules (Fig. 1A) . The RNA binding proteins and 132 classical SG markers fragile X mental retardation protein (FMRP) and T-cell intracellular antigen 133 related protein (TIAR) colocalize in BPA-induced granules (Fig. 1C) . indicative of highly translated transcripts binding multiple ribosomes, and a corresponding 155 increase in monosomes, or mRNAs that are initiated or being translated by one ribosome (Fig.  156 2A). This is consistent with the effect observed with SG-inducing levels of ARS ( Fig. 2A) . further characterize BPA-induced granules as canonical SGs, we treated SG-incompetent 170 G3BP1/2 knockout U2OS cells with SG promoting levels of BPA, and confirmed that these cells 171 lack the ability to form granules while wildtype U2OS cells form SGs (Fig. 2D , center panels). 172
Similar results were observed with ARS ( Fig. 2D , right panels). Together these data indicate 9 that BPA induces translation initiation arrest and requires G3BP1/2 for the condensation of 174 canonical SGs. 175 176 PERK phosphorylation of eIF2α is required for BPA-induced SG assembly 177
Blocks in translation initiation can occur via several pathways, one of which includes 178 phosphorylation of eIF2α by stress-activated kinases. In translation, eIF2α brings the initiator 179 tRNA Met to the AUG start codon, and phosphorylation of eIF2α halts global translation by 180 preventing GTP/GDP exchange and activation of the eIF2/GTP/ tRNA Met complex that recruits 181 initiator tRNA Met (Sonenberg and Hinnebusch, 2009 ). U2OS cells treated with a range of BPA 182 concentrations displayed low eIF2α phosphorylation at 300 µM, increasing to robust levels at 183 400 µM, comparable to those induced by 100 µM ARS (Fig. 3A ). This data is consistent with the 184 concentrations required for SG assembly (Fig. 1A) . 185
To assess whether eIF2α phosphorylation is required for BPA-induced SG assembly, we 186 utilized mouse embryonic fibroblasts (MEFs) harboring a mutation that prevents eIF2α 187 phosphorylation (eIF2α-S51A). Wildtype or eIF2α-S51A MEFs were co-plated with U2OS cells, 188 which serve as an internal control, and then treated with SG-inducing levels of BPA or ARS. 189
SGs were observed in wildtype MEFs and U2OS cells but not in eIF2α-S51A MEFs treated with 190 BPA or ARS ( Fig. 3B ), indicating that eIF2α phosphorylation is required for BPA-induced SG 191
formation. 192
To assess which eIF2α kinase is activated by SG-inducing levels of BPA, eIF2α kinases 193 GCN2, HRI, PERK, or PKR were knocked down in U2OS cells with siRNA, then treated with 194 SG-inducing levels of BPA or ARS as a control. Knockdown of GCN2, HRI, and PKR did not 195 inhibit SG formation, but it was greatly decreased in cells treated with PERK siRNAs (Fig. 3C ). It is well-documented that BPA acts as an estrogen mimic and this contributes to its 203 adverse effects (Rochester, 2013, Ben-Jonathan, 2019). β-estradiol (β-E) is an estrogen 204 derivative that is generated from soy and often used in as a treatment for menopause. To and assessed for SG formation by immunofluorescence. Neither 4-EP nor 4-VP promoted SG 223 formation at high concentrations ( Fig. 4C ), suggesting that longer carbon tails are required for 224
SG formation. 225
Much public attention has been drawn to the potential adverse health effects associated 226 with BPA, which has led to changes in BPA usage. Yet BPA is often replaced with bisphenol 227 derivatives that remain largely untested (Rosenmai et al., 2014). We tested two commonly used 228 BPA substitutes are bisphenol S (BPS) and bisphenol F (BPF). U2OS cells stably expressing 229 GFP-G3BP1 were treated with a range of BPS or BPF then assessed by direct fluorescence for 230 GFP-G3BP1 foci. Cells treated with BPF induced GFP-G3BP1 foci and quantification indicated 231 considerably fewer cells assembled SGs compared to BPA ( Fig. 4D ) while BPS did not induce 232 GFP-G3BP1 positive foci at the concentrations tested ( Fig. 4E) . 233
Lastly, we tested whether a commonly used pesticide, 2,4-dichlorophenoxyacetic acid 234
(2,4-D) causes SG assembly. U2OS cells that stably express GFP-G3BP1 were treated with a 235 range of 2,4-D concentrations and found to promote SGs between 1-4 mM concentration ( We then extended the duration of low BPA treatment to one month to assess long term 252 chronic exposure. As seen with the 24 hour treatment, long term chronic treatment did not 253 promote SGs (data not shown), yet challenging chronically treated BPA cells with arsenite or 254 high-dose BPA dramatically reduced SG assembly (Fig. 5D ). Calculating the percent change in 255 SG formation between the acute-only treatments and the chronic-plus-acute treatments 256 demonstrates a decrease in the ability of long term chronic BPA treated cells to form SGs when 257 acutely challenged with arsenite or high-dose BPA, but not with heat shock (Fig. 5E ). Together 258 these data indicate that chronic treatment with low physiologically relevant levels of BPA can 259 affect the cellular stress response by preventing SG assembly. 260 261
Discussion 262
We show that high doses of BPA trigger the integrated stress response via activation of 263 PERK to induce canonical SGs ( Fig. 1-3) . Besides BPA, we show that high levels of the BPA 264 replacement BPF, the industrial chemical 4-NP, and the pesticide 2,4-D all cause SG assembly 265 ( Fig. 4 ). Together these results indicate that the integrated stress response is triggered by BPA, 266 BPF, 4-NP, and 2,4-D, and indicate a need for more experimentation to define their health 267 effects. Our work adds to a growing body of literature that highlights the physiological effect of 268 BPA, and further indicates a need for caution in its application on everyday products. 269
Recent public outcry over the adverse health effects of BPA have caused the plastic 270 industry to change its practices, and generate BPA-free products((FDA), June 27, 2018). Yet 271 "BPA-free" products are often made using bisphenol derivatives such as BPF and BPS instead 272 of BPA, and there is much less data on their health effects (Eladak et al., 2015) . We observed 273 that BPF, but not BPS, causes SG formation ( Fig. 4 ), suggesting that the latter at least for the 274 integrated stress response might be a less problematical substitute for BPA. In any case, 275 13 caution should be used in replacing BPA with chemicals where less is known regarding their 276 biological effects. Our data should not be over interpreted, and needs to be assessed in the 277 context of additional studies. 278
Much BPA research has been centered on its potential endocrine disrupting properties. 279 suggesting that BPA may accumulate in adipose tissue. In relation to our study, this could 298 indicate that higher chronic levels could be observed, and that while BPA is considered to be 299 quickly metabolized, it could also be stored and have high levels in particular tissues. We 300 assessed the effects of chronic physiologically relevant, low nanomolar doses of BPA on cells 301 14 ( Fig. 5 ). We observed fewer SGs assembled when long term, low dose BPA treated cells were 302 treated acutely with SG-inducing levels of BPA and ARS (Fig. 5 ). This data suggests that the 303 preconditioning of cells with low doses of stress actually primes cells to respond differently. 304
Altering the ability of a cell to assemble SGs could indicate the cell is primed to adapt to the 305 stress, which may be a benefit to cell survival. Alternatively, it could indicate the cell has 306 adapted and no longer considers a stress harmful, which could result in additional cell damage. 307
Dampening of the integrated stress response could have a role in neurodegenerative diseases, 308
cancer and viral infection, and potentially an altering the ability to form SGs has a role here. 309
Alternatively, cells could be more adapted to the higher constitutive level of stress and mark that 310 as their new baseline. 311
Our results suggest that structure alone is not a good indicator of the ability of a 312 compound to induce a stress response (Fig. 4) . It is also important to consider that humans 313 currently have contact with as many as 85,000 chemicals obtained from their environments 314 (EPA) some of which may be having toxic effects at their typical exposure levels (Sturla et al., 315 2014), others of which may be inducing protective effects (Calabrese and Mattson, 2017) . It will 316 therefore be critical to continue to examine not only the range of effects of these individual 317 substances, but also the compound effects of substances within the complex chemical context 318 that human cells currently reside. For example, as BPA loses favor with the manufacturing 319 industry due to social and political pressure, the use of BPS, BPF and other chemical analogues 320 will increase. There is already preliminary evidence that bisphenols and other related 321 compounds have synergistic effects that can affect the cellular consequences of exposure 322 were treated with 100 µg/mL cycloheximide for 5 min, washed once with HBSS, and 500 µL of 344 polysome buffer (20 mM Tris, pH 7.4, 150 mM NaCl, 5 mM MgCl2, 1% Tritonx100, RNaseIN, 1 345 mM DTT, 100 µg/mL cycloheximide) was added. Cells were scraped and collected into 1.7 mL 346 epi tubes and rotated at 4°C for 10 min and centrifuged at 10,000 x g for 10 min at 4°C. The 347 supernatant was loaded onto a preformed 10-50% sucrose gradient made in polysome buffer. 348
Gradients were centrifuged in a Beckman Sw55Ti at 45,000 rpm for 100 min at 4°C. Then a 349 plates seeded with coverslips and two days later were treated as indicated. Cells were fixed with 368 4% paraformaldehyde for 10 minutes, permeabilized with ice cold methanol for 10 minutes, and 369 rinsed with PBS. Hoechst 33258 (Sigma) was used to stain nuclei. Coverslips were mounted on 370 glass slides with Vinol. 371 372
Microscopy 373
Wide-field fluorescence microscopy was performed using an Eclipse E800 microscope (Nikon) 374 equipped with epifluorescence optics and a digital camera (Spot Pursuit USB) or an AXIO 375 observer A1 (Zeiss) equipped with epifluorescence optics and a digital camera (SPOT Idea 376 5.0mp). Image acquisition was done with a 40X air or 60X oil objective. Images were merged 377 using Adobe Photoshop. U2OS cells were treated as indicated in figure legends then fixed with 4% paraformaldehyde for 388 15 minutes, permeabilized with -20°C methanol for 10 minutes, then dehydrated in 70% ethanol 389 at 4°C. Cells were stored at 4°C for at least overnight then wash several times with 2X saline 390 sodium citrate (SSC; Ambion). Cell were equilibrated in hybridization buffer (Sigma) for 15 391 minutes at 65°C then incubated with oligo dT 40X probe for 1 hour at 42°C. Cells were washed 392 twice with 2X SSC for 10 minutes at 42°C then several times at room temperature. Coverslips 393 were then processed for immunofluorescences as indicated above (from block step on). 394
395

SG quantification 396
At least three independent 40X images from at least three independent experiments were 397 counted as the total SG positive over the total number of cells. Cells were counted as SG 398 positive if at least two G3BP1 foci were present in the cytoplasm. The total number of cells was 399 quantified by counting nuclei using Hoechst. Graphs were generated with GraphPad Prism and 400 error bars indicate standard deviation. 401 18 402
Immunoblotting 403 5x10 5 U2OS cells were plated in 6 well dishes and the following day drug treated as indicated. 404
Cells were washed once with PBS then lysis buffer (50 mM Hepes pH 7.6, 5% glycerol, 150 mM 405 NaCl, 0.5% NP40, 1X Halt protease inhibitors (ThermoScientific), 1X Halt phosphatase 406 inhibitors (ThermoScientific)) and cells were scraped and collected into tubes. Cells were 407 sonicated using a cup sonicator and the protein concentration was determined using BioRad 408
Protein Assay (BioRad). SDS dye was added to a 1X concentration and lysates (equal µg of 409 protein) were loaded onto 4-20% Tris-glycine gels (BioRad). Gels were transferred to 410 nitrocellulose, then blocked with 5% milk in TBST. Primary antibodies were diluted in 5% NHS 411 and incubated overnight at 4°C. p-eIF2α (Abcam, ab32157), eIF2α (Cell Signaling, 2103). 412
Secondary antibodies were diluted 1:10,000 in 5% NHS and incubated for 1 hour at room 413 temperature. Blots were washed at least three times for 10 min after antibody incubation. HRP 
